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RESEARCE ON THE FLOW OF MOIST VAPOR IN AXISYMMETRICAL
LAVAL NOZZLES WITHIN A BROAD RANGE
OF DEGREES_OF MOISTURE

M.Ye. Dcych, V.S. Danilin, G.B. Tsiklauri and V.K. Shanin

ABSTRACT: This ariicle contains the experimental
results on precssure Jdistribution, the coeflfic-
tents of discharge and veloeitly of an axisym-
metrweal Laval nozzle operating on moict steam
and within a wide range of initial degrees »f
dryness (xg from 1 to 0.20). The experiments
were condueted on a nozzle profiled by the
methol of characteristics for K = 1.3 with a
calculated number M = 1, 8. Certain uncaleculated
operating regimes of the nozzle are investigated.
The simplest theoretical models of a double-
phase flow are examined. The experiments showed
¢ substantial decrease in the coefficient of
velocity of the nozzle in the double-phase
region.

Of all the known methods for experimental investigation of /327%
energy losses in double-phase flows, the most preferred, as the
enalysis of reference [1] shows, is the method based on the measure-
ment of the reactive force of a stream in a double-phase mediuii

flowing from a conduit. This method is used in our experimental
investigation. e

A specially developed thermal scheme of the apparatus allowed
us- to have at the entrance to the investigated nozzle an almost
equilibrium double-phase flow with humidity of up to 80% with
initial pressure pg of up to 4.5 abs. atm which was obtained by
mixing satureted steam with water injected into the steam flow
through centrifugal sprayers, while the temperature of the water
in front of the sprayers was mainteined practically equal to the
saturatior point which corresponds to the initial pressure of the
steam. The initial degree of moisture was determined from the
ecuations of the heat and matter balance based on measurements of
the temperature of the water and steam, the flow rates of the vater
(the measuring disk), the drainage #nd the flow rate of the mixture
through the nozzle (the measuring tanks for drainage and condensate).

Figure 1 shows a diagram of the experimental section. The
operative section of the apparatus was horizontal and composed of
two components: an external immovable one (1) and an internal movable
one (2) which acts as a humidifier. The internal component with
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the nozzle (R8) attached to it was connected to Sylphons (4) and (5)
through which saturated steam and water are supplied to the collec-
tors (6) of the sprayers (7). To drain the moisture film from the
walls of the frame we installed a cut-off valve., A rod (10) trans-
mitting the reactive force of the stream flowing from the nozzle,
on an element ol the suspencion system, was inscerted through the
back wall of the external component using a Sylphon connector (9).

The weighing unit of the zZero shift is single component, ten-
sometric scales composed of a beam (11) which detects the reaction
amplification, and a calibrated angular arm (12) with weights M,
and Mp. With calibration of the circuit the weights imitate the /328
reactive forece., The electrical circuit of the scales is a four-
component unbalanced bridge (Fig. 2) composed of two operating
(0, and 0,) and two compensating (C; and Cy) transducers of approxi-
mately equal resistence., In the experiments we used p-type crystal
silicon sensors with a resistence of about 120 ohm, a coefficient
of tensor sensitivity of 100-120 and a2 specific resistance of 0.02
ohm+cm. The parameters of the sensors allowed us to avoid complex
amplification systems and to use a direct scheme for transmitting
the signals from the sensors to the EPD-32 potentiometers, included
in the measuring diagonal of the bridge. TFor the most precise
measurement of the reactive force and the exclusion of the secondary
forces, caused by temperature deformations and pressure drop on the
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Fig. 1. A Diagram of the Experimental Set-Up.

Sylphon connector (9), we used the following experimental procedure.
With a fixed operating regime let the reading of the instrument be
n delineations, and after a sudden cut-off in the supply of steam
and water and with the previous value of the counterpressure let

the reading be ny delineations. It is easy to show that in this
case all the similar forces with the operating and displaced appar-
atus are equal and the following equation holds:

MexpCent (1)

- = e + - F ..t
(n-ng)s Mo xpCexit (Pes-Pal)F ;.




where § is the scale value of the instrument, determined by the
calibration of the equipment in a "heatec'" state; Mexp is the experi-
mentally measured mass rlow;

Coxit 1s the velocity of the

Iflow on the cross section of the
nozzle averaped according to
impulses Pas 16 Tthe static pres-
sure on the cross secction of the
nozzle, determined experimentallys
Pq i the counterpressure; Feyxit
is the area of the exit cross
section; 5ent is the mean flow
rate at the entrance to the
nozzle.
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Fig. 2. The Electric Mea-

suring Circult. The experimental procedure

is explained in detall in a report
of the Moscow Power Institutel, which shows that the maximum error
in our determination of the velocity coefficient of the nozzle ¢,
is 4.5 - 5.0%.

The object of investigation was a supersonic axisymmetric
nozzle, computed by the characteristics method for an adiabatic
indicator k = 1.3. The convergence section of the nozzle was shaped
like a lamnescate. The nozzle was characterized by the following
computation parameters: M, = 1.8; Ap = 1,59, €p = 1.72, To investi-

gnte the static pressure distribution along the length of the /329

nozzle there were 22 apertures with a diameter of 0.8 mm on the
wall of the nozzle. The diameter of the smallest cross section of
the nozzle was 32.55 mm, the diameter of the exit cross section was
40,05 mm and the overall length of the nozzle was 125 mm. The
length of the supersonic section was 89 mm.

This nozzle is clearly not optimal for operation on moist steam
with a low degree of dryness. However, it was chosen as an initial
object of investigation since with this nozzle we accumulated val-
uable experimental material with its operation on moist steam with
a low degree of moistuve (up to 20%)2. We should also note that at
the present time there are no practical recommendations for design-
ing supersonic nozzles to operate on a double-phase medium with a
low degree of dryness.

Simplified models of double-phase streams [2] do not reveal
the complex mechanism of exchange in a nozzle, yet the numerical
results, which were obtained rather easily, provide an opportunity
to evaluate certain particular cases. However, if it is possible
to compare the experimental data on flow rate and pressure distri-
bution with the results of calculations according to any theoretical

1

M.Ye., Deych, G.B. Tsiklauri, V.S. Danilin and V.K. Shanin, Report
of the Moscow Power Institute, No. 118/67, 1968.
£ G.B. Tsiprklauri, Cand. Dissertation, Moscow Power Institute, 1396H4,
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model, then it is possible to find the energy characteristics by
theoretical means only for a maximally equilibrium process.

Based on the equilibrium model of the flow we made assumptions
about the isentropic nature of the flow of mixture with thermal

equilibrium of the phases, equality of their velocities and a cor-
relation between the thermodynamic characteristics of an equilibrium
double-phase system and the plane interfaces [3]. The main point

of the calculation was a detcrmination of the flow rate across the

nozzlc. We know that for any compressible medium the calculation
of the specific flow rate g with constant entropy and a fixed py
with various differentials on the nozzle, 138 reduced to the func-
tions q(eg). With €4 = 1 and eq = 0, ¢ = 0 and g is at a maximum
at a certain eger.

Numerical determination of the function q(egz) with the subse-
quent graphic determination of g¢p and eg,cr [2] was made with pg =
1.2 abs. atm and 0 £ x5 = 1 on a "Minsk- 251 computer with a step

over pg of 0.01 abs. atm and a step over g of 0.05, As a result
of the calculations we obtained generalized functions for the cri-
tical values qgp(®g) and e, »(xg), allowing us to determine the

pressure distribution in thé nozzle and the values of the specific
and absolute impulses.

The model of a flow with a fixed composition is based on the
following assumptions: (a) the phase velocities are equal; (b)
there is no heat or mass exchange between phases; (c) the expansion
of steam follows an adiabatic law with a constant k (k = 1.3 and
k = 1.135); (d) all the kinetic energy of the flow results from the
expansion of the steam; (e) the flow rate and pressure distribution
are determined by the geometry of the nozzle and the characteristics
of the steam phase:

On these assumptions the basic calculated formulas® have the
form:

the critical velocity of the mixture is

ccr mix= v/ 0'4Po? v st—%———[l (k l)/kj=ﬁcr,st1’xo’ (2)

where ecp = [2/Ck + 1)1k/ (R + 1), Cer,st is the critical velocity
of steam, Vy,st is the specific volume of steam with pg;

the critical volume of the mixture 1is

_ 1/k -
vcr,mix_xot(l/gcr) vv.st—ve]+vl—xOAv+vl (3)

M.Ye. Deych, G.,V. Tsirklauri, V.S. Danilin and V.K. Shanin, Report
of the Moscow Power Institute, No.l18/67, 1968,
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where v, is the specific volume of the liquid phase; Av
V1

Vep,st

the eritical flow rale of the mixturc through the nozzle is

(r,si V (4)

Ter, mlx"m AD+D

where Fcr is the area of the critical cross section of the nozzle.

The fact that Geop pix = 0 with 2o = 0 and Ggop,pix (X)) is at
a maximum with ¢ vy/8v does not correspond with the true picture
of the process and is related to the assumption that the kinetic
energy of the flow of mixture is generated only by expansion of the
steam phase. As xy increases, this assumption becomes more valid.
At low steam pressures the value (" is very small (a2 = 0.045%
with pg = 1.2 abs. atm). It is easy to show that under the given
assumptions, the '"calculated" operating regime of the nozzle will

be the regime corresponding to the calculated value of ¢, with a
given k. The results of the calculations according to the fixed
composition model are used below for comparison with the experiment.

i

Figure 38 shows the experimental data on the flow rate charac-
teristics of the examined nozzle. It follows from these graphs
that both flow models give lower

(G .kg/sec values for the flow rates, there-
arp cr fore, u = @ /G is substanti-
o > exp/“th
el ; ally greater than unity. The
g / results of reference [2], obtained
i - ‘ {/ with high values of py (up to
/{é/ 70 abs..atm) lie between the. ...
g < K theoretical curves. Are the
,A//ig/ given theoretical models extreme
a3 ’/: cases? For the equilibrium model,
qj:;’ o of a double-phase flow, the fact
'y B e : i that the actual flow rate is
~ higher than its theoretical value
is a rather widely known fact.
H’% ] = However, it suggests that under
Ad/,,f/” T certain conditions the structure
“_,,,,,—“f::_wp _______ - of the flow and its heterog?neity,
wE==—=="1" _ L] the presence of a low-velocity
] Qs Qo @ 0 film of the wall of the nozzle,
the initial slip, the absolute
Fig. 3. The Critical Flow Rate dimensions of the conduit and
and the Coefficients of Moist the operating regime of the noz-
Steam (pg = 1.2 abs. atm; pg = zle can lead to a decrease in
0.15 - 0,20 abs., atm): (1) The the flow rate of the mixture in
Experiment; (2) The Equilibrium comparison with the equilibrium,
Modely; (3) The Fixed Composi- Analogous arguments should also
tion todel. pertain to the fixed composition
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model which, as follows from its assumptions, does not include all
the possible conditions for realizing the maximum flow ratec.

igure 4 shows the experimental curves for the static pressure
distribution along the length of the aozzle with pg = 1.2 abs. atm
and various countoerpressurcs for gg = 0.22 and 49 = 0.70. T'or pur-
poses of comparison, the graph shows the computed curves for the
fixed composition model with % = 1.3 and k = 1.135 and the curves
of the equilibrium cxpansion process. Apparently these experimental
curves are typical for two different ranges of initial moisture
and are fundamentally different from one another.

With small values of y, in the expanding section of the nozzl~,
a condensation jump occurs converting the flow from a supercooled /331
state to an equilibrium state. Before the condensation jump the
experimental curve is rather close to the computed curve with k =
1.3 which corresponds to the data obtained earlier.

It follows from Figure 4 that with a counterpressure eq < €g,calc
the static pressure after the condensation jump decreases monotoni-
cally, although on the cross sec-
tion of the nozzle it is signific-
antly higher than tcthe computed
_ ) pressure with kX = 1.3 and k = 1.135.
\ With a certain €4 > €4.calc» after
the condensation jump there is a
compressiovn shock (shown in the
zurve for eq = 0.53). In this case
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Fig. 4. The Static Pressure Dis-
tribution Along the Length of the
Nozzle (pg = 1.2 abs. atm): (1)

Yo = 04703 (2) yg = 0.22, eq = 0.53;
(3) Yo = 0.705 (4 yo = 0.23, €Eq =
0.15; (5) yo = 0.703 (6) yo = 0.223
(7) XK = 1.185; (8) K = 1.3; (1-4)
The Experimeut; (5,6) The Equili-
brium Model; (7,8) The I'ixed Com-
position Madel.
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the pressure on the cross section
of the nozzle is equal to the
counterpressure. As we know, all
these characteristics describe a
supersonic flow regime.

]

} With a high initial moisture

« » | the pressure distribution has mainly

4_;~A,~§__~,»_ R another character, Thus, for yg =

L_r,wvﬁ__«__mgaﬂnnvfw ““-,? 0.7 and €g < €g,calc the pressure
decreases monotonically, while there
ig a characteristic increase in

a7




in pressure at the analogous points of the nozzle as the initial
moisture increases, I[1 the flow is supersonic then the disappear-
ance of the condensation jump should he explained by the difficulty
of strong supercooling of the steam Tlow duec to the presence of a

large amount of liquid. In fact, pressure jumps were not detected
in [2].

lHowever, as the experiment showed, in the zone of the highest
initial moisture the condensation jumpn disappear and the pressurc
on the cross section of the nozzle continuously follows the counter
pressure in the zone eg4 > Ea,calc"(Fig- I shows one of these curves

for €4 = 0.53), Thus, in flows with a high degree of moisture,
beginning from a certain e€g,calec, the perturbations spread in the
opposite dircction from the subsonic flow. This experimental fact

does not correspond with the data of reference [2] whose authors
detected "ripple" and "diffusion" shock waves in the limits of the
nozzle in the regimes of overexpansion,

Figure 5 shows the values of the relative pressure on the
cross section of the nozzle and the throat of the nozzle with g4 =

0.15 < eq,calcs denoting the increase in pressure as the initial
moisture 1lncreases.

It follows from the experimental curves in rigure 6 that the /332
change in the velocity coefficient ¢ 5 = Cexit/cth (eth %s the theo-
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Fig. 5. The Relative Pressure 0 W @ @8 a4 g
in the Throat and on the- Cross '
Section of the Nozzle as a Fig. 6. The Function Relating
Function of yg (pg = 1l.2-abs. ¢, to the Operating Regime of the
atm; pg = 0.15 abs. atm): (1) Nozzle (pg = 1.2 abs. atm): (1)
The Experiment; (2) The Equili- At = 20°C; (2) yo = 0.333 (3)
brium Model; (3) The Fixed Com- Yyg = 0.513 (4) yg = 0.73.

position Model.

retical velocity of the equilibrium process of efflux, computed
according to the heat differential from pgy to pep) as a function

of the relative differential on the nozzle g4 is qualitatively
analogous to the behavior of the curves for a single-phase gas medium.
In the calculated regime and regimes with pg < Pepr the losses in

the nozzle are minimal and vary little with €4, and in the regimes




with a greater counterpressurce there Is a sharp decrcase in ¢p

caused by the change in the wave and eddy losses |[M]. We know that
an increase in pressurce in a system of Jjumps, arising in a super-
sonic stream with pg > pPaps, expands Through the subsonic section
of +the bhoundary layer inside the nozzle and leads to a redistribu-
tion of the paramceters in the exit cross scetion, I'on double-~phase
stream= theae phenomena are avaen more apparcent. There is a particu-
larly strong influz2nce of the low-temperature {iuid £ilm on the
wall of the nozzlco.
—
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Fig. 7. The Velocity Coefficient of the Nozzle ¢nP in the Calcu-
lated Regimes (pg = 1.2 abs. atm).

Figure 7 shows the values of ¢, in the computed regime as a
function of the initial parameters., Note the fact that ¢, decreases
sharply as the initial moisture yg increases.

Apparently this is a result of the large losses accompanying
the mechanical interaction of the steam and liquid phases. Clearly
the value of these losses is determined, first of all, by the struc-
ture of the double-phase flow.

With an initial drop structure of the stream in a gradient
flow, a significant slip must inevitably arise which leads to high
mechanical losses. It i3 probable that in parts of the supersonic /333
gas flow with certain values of the slip coefficient, the stream-
lining of the liquid drops 1s accompanied by significant wave losses.
If at the entrance to the nozzle the liquid phase 1s continuous
(bubble structure) and if the structure of the flow does not change
within the limits of the nozzle, then we can expect the total absence
of slip and high values of the velocity coefficients. Finally, fcr
a perfectly fluid flow on the condition that the flow is uninter-
rupted, we can expect the szme values of ¢, as for a gas flow at
low velocities (an incompressible liquid), which according to the
available data are 0.88 - 0,92, This i3 the hypothetical form of
the function ¢p(yg) in the zone of high degrees of moisture, in the
vicinity of yp = 1 and in the zone of water underheated to satura-
tion (underheating to 100° ¢ is shown in I'ig. 7 by the broken line).
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